Aim/hypothesis The release of fatty acids from adipocytes, i.e. lipolysis, is maintained under tight control, primarily by the opposing actions of catecholamines and insulin. A widely accepted model is that insulin antagonises catecholaminedependent lipolysis through phosphorylation and activation of cAMP phosphodiesterase 3B (PDE3B) by the serinethreonine protein kinase Akt (protein kinase B). Recently, this hypothesis has been challenged, as in cultured adipocytes insulin appears, under some conditions, to suppress lipolysis independently of Akt. Methods To address the requirement for Akt2, the predominant isoform expressed in classic insulin target tissues, in the suppression of fatty acid release in vivo, we assessed lipolysis in mice lacking Akt2. Results In the fed state and following an oral glucose challenge, Akt2 null mice were glucose intolerant and hyperinsulinaemic, but nonetheless exhibited normal serum NEFA and glycerol levels, suggestive of normal suppression of lipolysis. Furthermore, insulin partially inhibited lipolysis in Akt2 null mice during an insulin tolerance test (ITT) and hyperinsulinaemic-euglycaemic clamp, respectively. In support of these in vivo observations, insulin antagonised catecholamine-induced lipolysis in primary brown fat adipocytes from Akt2-deficient mice.
Introduction
One of the strongest evolutionary pressures for fitness has been the drive to store nutrients effectively for use during times of food unavailability. The most efficient storage form for energy is triacylglycerol (TG), which consists of three fatty-acyl-groups linked to a glycerol backbone and accumulates in a specialised cell type-the adipocyte, during times of abundance. White adipose tissue stores TG during periods of energy excess such as feeding, and hydrolyses TG to NEFA and glycerol (lipolysis) for use by other tissues during times of energy need such as fasting and exercise. Multiple hormonal, neural and substrate-driven inputs exert exquisite control over this process. In recent years, with its increasing prevalence, obesity has stressed the system beyond compensatory control, such that unrestrained lipolysis leads to increased circulating NEFA and excessive neutral lipid accumulation in nonadipocyte cells. This has been implicated as causal in muscle and liver insulin resistance, and development of type 2 diabetes and its related diseases [1, 2] . Understanding the mechanisms by which the adipocyte integrates multiple inputs to control lipolysis is of great importance.
Lipolysis is controlled predominantly by insulin and both circulating and locally secreted catecholamines. During fasting, catecholamines bind to beta-adrenergic receptors to activate adenylate cyclase, increase cAMP synthesis and stimulate protein kinase A (PKA), thereby initiating the lipolytic cascade [3] . Over the years, a consensus has emerged as to how insulin suppresses lipolysis. Insulin via its canonical phosphatidylinositol 3-kinase (PI3K) pathway activates Akt (also known as protein kinase B), which then phosphorylates and activates various phosphodiesterase (PDE) isoforms, most notably PDE3B. The active PDE degrades cAMP, which reduces PKA activity and antagonises lipolysis [4] [5] [6] [7] [8] . Akt is a PI3K-dependent serine/threonine kinase that mediates many metabolic actions of insulin [9] . The Akt kinase family consists of three isoforms, Akt1, Akt2 and Akt3, each encoded by a separate gene. The predominant isoform expressed in insulin target tissues is Akt2. Deletion of Akt2 in all tissues results in mice that are insulin resistant and glucose intolerant [10, 11] . Consistent with these studies, a mutation in the kinase domain of Akt2 has been associated with insulin resistance and diabetes in humans [12] .
Although the role of Akt2 in regulation of adipocyte glucose metabolism has been studied in some detail, little is known about whether this isoform mediates the action of insulin on lipolysis. Recently, our laboratory provided in vitro evidence suggesting that under some conditions insulin could regulate lipolysis independently of Akt. [13] . We hypothesised that Akt is not required for insulin's regulation of lipolysis in vivo. In this study, we considered the regulation of lipolysis in vivo in mice deficient for Akt2.
Methods
Animals The generation and metabolic phenotyping of Akt2 null mice was carried out by the Transgenic Core at the University of Pennsylvania and have been described previously [10, 14] . Wild-type C57Bl/6J mice (Jackson laboratory, Bar Harbor, ME, USA) were used as controls. Male mice (10-12-weeks old) were used for experiments. Mice were maintained on standard chow diet (laboratory rodent diet 5001, LabDiet, St Louis, MO, USA) and 12 h light:dark cycle (07:00: 19:00 hours) in a barrier facility. The protocols were approved by the University of Pennsylvania IACUC in accordance with NIH guidelines.
Body composition studies Nuclear magnetic resonance (NMR) spectroscopy (Echo MRI, Houston, TX, USA) was performed by Penn Diabetes Research Center mouse core.
For inguinal and epididymal fat pads weights, organs were removed from randomly fed mice after cervical dislocation.
Fasting-refeeding experiment Mice were fasted overnight for 16 h and refed, starting at 09:00 hours. Blood for serum insulin, glycerol and NEFA levels was collected at 0 and 120 min by tail bleeding.
OGTT Mice were fasted overnight for 16 h. D-glucose (2 g/kg) was administered by oral gavage. Blood glucose was monitored at 0, 15, 30, 60 and 120 min after gavage by tail bleeding. Blood for serum insulin, glycerol and NEFA levels was collected at 0 and 15 min.
Insulin tolerance test Mice were fasted overnight for 16 h. Soluble human insulin (Novolin, Novo-Nordisc, Plainsboro, NJ, USA) at 1 U/kg was administered by i.p. injection. Glucose was monitored by tail bleeding at 0, 15, 30, 45 and 60 min using a glucometer. Blood for serum insulin, glycerol and NEFA levels was collected at 0 and 30 min by tail bleeding. 20 nmol/l insulin, 1 nmol/l T3, 500 nmol/l dexamethasone, 0.5 mmol/l isobutylmethylxanthine and 1 nmol/l rosiglitazone were added to the cells. Cells were maintained in 20 nmol/l insulin and 1 nmol/l T3 for 4-6 days until exhibiting fully differentiated adipocyte phenotype with accumulation of multilocular fat droplets. All experiments were performed at days 6-8 following induction.
Hyperinsulinaemic-euglycaemic clamp
Glycerol and NEFA release assay These assays were performed as described previously [13] .
2-Deoxyglucose-uptake assay Serum-starved cells were assayed as described previously [13] , with the following modifications: 2-deoxyglucose uptake assays were performed in parallel with glycerol and NEFA release assays. Cells were incubated for 15 min at 37°C in 450 μl of KRP/0.2% (Kreb's Ringer Phosphate [KRP] buffer: 136 mmol/l NaCl, 4.7 mmol/l KCl, 10 mmol/l NaPO 4 pH 7.4, 0.9 mmol/l MgSO 4 and 0.9 mmol/l CaCl 2 ) alone, supplemented with 100 nmol/l insulin or with 10 μmol/l cytochalasin B (Sigma) to determine background glucose uptake levels. Fifty microlitres of 1 mmol/l 2-deoxyglucose and 37,000 Bq/ml [ 3 H]-2-deoxyglucose were added to cells for a final 15 min incubation. Glucose uptake, measured by radioactivity, was normalised to total protein content. Cytochalasin B values were subtracted from all values.
Immunoblots Cell culture lysates were prepared and blotted as described previously [13] .
Statistics All data are presented as means ± SEM. Data were analysed using an unpaired Student's t test with two-tailed analysis or two-way ANOVA followed by Bonferroni post hoc test.
Results
Akt2 null mice have a mild reduction in adiposity but equivalent body weight and circulating levels of adipokines compared with wild-type mice Akt is a critical mediator of the metabolic actions of insulin in liver, adipose tissue and muscle [16] . Of the three isoforms found in mammals, Akt2 is most highly expressed in insulin-responsive tissues. Akt2-deficient mice exhibit glucose intolerance and a diabetesmellitus-like syndrome [10, 11] . To assess the role of Akt2 in anti-lipolysis in vivo, we studied its regulation in Akt2 null mice. We hypothesised that if Akt2 is critical for insulin's suppression of lipolysis, deletion of this isoform would resemble other mouse models with impairment in the regulation of lipolysis (e.g. perilipin knockout [KO] mice), which showed more than 50% reduced fat mass [17, 18] . We found that Akt2 null mice had the same weight as wild-type mice and had a normal body composition as measured by NMR (Fig. 1a, b) . However, these mice displayed a modest decrease in inguinal and epididymal fat pad weight compared with wild-type mice (Fig. 1c, d ), suggesting mild impairment in regulation of fat storage.
In addition to its role as the main storage depot for TG, adipose tissue is an active endocrine organ secreting cytokines, known as adipokines. Since we observed a slight decrease in fat mass, we assessed the levels of several important adipokines of Akt2 null mice. There were no differences in leptin, adiponectin or TNF-α levels, but serum resistin levels were slightly decreased in Akt2 null mice ( Fig. 1e-h ). These data suggest that Akt2 is largely dispensable for fat storage and adipokine secretion in adipose tissue.
Akt2 null mice are glucose intolerant and hyperinsulinaemic but have normal regulation of lipolysis upon feeding and oral administration of glucose Akt2 null mice have been reported to be glucose intolerant [10, 11] ; however, the effect of Akt2 deletion on insulin-mediated regulation of lipolysis in vivo has not been described. To test whether Akt2 is required for insulin inhibition of lipolysis under physiological conditions, we measured serum metabolites in mice refed after an overnight fast (Fig. 2) . As expected, Akt2 null mice displayed significantly higher serum glucose and insulin levels both during fasting and refed states (Fig. 2a, b) . However, under the same conditions, serum glycerol and NEFA levels were indistinguishable from wild-type mice, suggesting a difference in the dependence on Akt2 for insulin-stimulated glucose uptake in muscle and the suppression of lipolysis in adipocytes. (Fig. 2c, d ). Akt2 null mice had slightly reduced levels of serum TG and ketones bodies in the fasting state, but these responded normally to refeeding (Fig. 2e, f) .
We next performed an OGTT. Consistent with the refeeding experiment and prior published studies [10] , 15 min after an oral glucose load, blood glucose and serum insulin levels were significantly higher in Akt2 null compared with wild-type mice; however, glycerol and NEFA levels decreased to the same degree in mice of both genotypes (Fig. 3) . Taken together, these data show that Akt2 is more critical to insulin action on glucose metabolism than insulin's regulation of lipolysis.
Inhibition of lipolysis during insulin tolerance test and euglycaemic clamp in Akt2 null mice In both the fasting/ refeeding and oral glucose tolerance experiments described above, lipolysis was inhibited in Akt2 null mice to the same extent as in wild-type mice; however, higher insulin levels in KO animals complicate interpretation of these results. To address this concern, we performed an insulin tolerance test (ITT). Consistent with previous studies [10] , Akt2 deficiency resulted in an impaired hypoglycaemia response to injected insulin (Fig. 4a ) Glucose levels at all time points measured and AUC were significantly higher for Akt2 null compared with wild-type mice (Fig. 4a, b) . Equivalent insulin levels were achieved in Akt2 null and wild-type mice (Fig. 4c) . Serum glycerol and NEFA levels were reduced substantially 30 min after i.p. insulin injection in both genotypes, though the levels decreased to a lesser extent in Akt2 null mice compared with wild-type mice . (Fig. 4d, e) . To address this issue further, we infused Akt2 null and control mice, with insulin and glucose under conditions that maintained blood glucose concentrations at physiological levels (Fig. 5) . When glucose was maintained at 5.6-8.3 mmol/l, the glucose infusion rate was significantly lower in Akt2 null mice compared with wild-type mice, indicating insulin resistance (Fig. 5a, b) . At the end of the 2 h clamp, when insulin levels of Akt2 null mice were comparable with those of wild-type mice (Fig. 5c) , serum glycerol and NEFA levels were reduced substantially in both genotypes, but again to a lesser degree in Akt2 null mice (Fig. 5d, e) . These data indicate that signalling through Akt2 contributes to but is not required for the regulation of lipolysis by insulin.
Insulin inhibits isoprenaline-induced lipolysis in Akt2 deficient brown adipocytes To investigate further the hypothesis that Akt2 is not required for the insulin regulation of lipolysis, we studied it in primary cells. Pre-adipocytes derived from brown adipose tissue were differentiated into brown adipocytes as described in Methods. Both Akt2 null and wild-type pre-adipocytes differentiated into mature adipocytes equally well. A supra-maximal concentration of insulin (100 nmol/l) completely blocked the increase in lipolysis measured by glycerol or NEFA release in response to 1 nmol/l isoprenaline in cells of both genotypes (Fig. 6a, b) . Under the same conditions, insulin-stimulated hexose uptake was reduced by about 50% in Akt2 null brown adipocytes (Fig. 6c) . At more physiological concentrations of insulin, there was a decrease in the Wild-type (black bars) or Akt2 null (white bars) male mice, 10-12 weeks old, were fasted overnight (16 h) and refed for 2 h. Serum levels of (a) glucose (n=20), (b) insulin (n=20), (c) glycerol (n=20), (d) NEFA (n=10), (e) TG (n=9-10) and (f) ketones (n=9-10) were measured and expressed as means ± SEM. *p<0.05, **p<0.01, as indicated ability of insulin to inhibit isoprenaline-dependent glycerol and NEFA release in Akt2 null brown adipocytes (Fig. 6d, e) . Interestingly, the ability of insulin to suppress glycerol release was reversed by treatment of brown adipocytes with PI3K but not with the Akt inhibitor (Fig. 6f) . These results further support the notion that Akt2 is not an obligatory intermediate in insulin's inhibition of lipolysis. In Akt2 null brown adipocytes, Akt1 and Akt3 protein levels are comparable with those of wild-type mice (Fig. 7) .
Discussion
One of the most prevalent models to explain development of insulin resistance following obesity is accumulation of neutral lipid in non-adipose insulin target tissues. There is considerable experimental support that sustained, increases in plasma fatty acid concentrations cause insulin resistance [19] [20] [21] [22] [23] . A logical step towards understanding the role of deregulated adipocyte lipolysis in the development of metabolic disease is first to understand the molecular mechanisms by which fatty acid release is controlled under normal conditions. Towards this end, we recently reconsidered the generally accepted biochemical pathway for insulin-dependent antilipolysis, the Akt-catalysed phosphorylation and activation of PDE3b [4, 5, 7, 24] . Surprisingly, our data suggested that, at least under some conditions, Akt is not an obligate intermediate in insulin's regulation of lipolysis in vitro [13] . In this study, we have explored the role of Akt2 in mediating insulin's regulation of lipolysis in vivo. Using a variety of conditions, we found that Akt2 is not required for insulin's suppression of lipolysis under conditions of hyperinsulinaemia. Establishing the nature of signalling pathways in vivo is always complicated by potential interactions between organs that lead to cell non-autonomous influences on the phenotype of interest. For this reason, we subjected Akt2 null mice to a number of different assays for insulin-dependent suppression of lipolysis, and conducted experiments in vitro in primary adipocytes. Although in no case did deletion of Akt2 completely block the action of insulin on lipolysis, under some conditions there was a partial inhibition of insulindependent anti-lipolysis. The crucial factor in determining this differential responsiveness was the level of circulating insulin. When hyperglycaemia led to elevated serum insulin levels, the suppression of lipolysis appeared comparable in Akt2 KO and control mice. However, when insulin levels were the same in the two groups, as in ITT or clamp, suppression of lipolysis in the Akt2 KO mice was partial. The simplest explanation is that expression of Akt2 is required for maintenance of normal sensitivity to insulin, but is dispensable if the insulin levels can be raised sufficiently. This interpretation was supported by experiments in primary brown adipocytes, in which suppression of lipolysis by maximal concentrations of insulin was comparable in Akt2 null mice brown adipocytes and control, but the dose responsiveness was altered. However, importantly, in all assays, the requirement for Akt2 in insulin-dependent suppression of lipolysis was different from that in the 7 Protein levels of the different Akt isoenzymes. Primary brown adipocytes were lysed and lysates were immunoblotted for Akt1, Akt2, Akt3 and tubulin. The blot was developed using the Licor Odyssey system (Lincoln, NE, USA). WT, wild-type simulation of glucose transport. For example, in primary brown fat cells, there was a 50% reduction in hormonestimulated glucose uptake in response to a maximal concentration of insulin that completely suppressed lipolysis. Thus, an important conclusion that can be drawn from these studies is that there is a differential requirement for Akt2 in the stimulation of glucose transport compared with the suppression of lipolysis, consistent with the notion that different signalling pathways mediate these physiological responses.
One of the complications in interpreting the results of Akt2 deletion in insulin-responsive cells is the presence of other less abundant Akt isoforms. As in cell culture systems, it has not been possible to sustain viability in vivo in the complete absence of all three Akt isoforms [25] . In mammals there are three Akt isoforms, Akt 1-3, each encoded by a separate gene. While Akt1 and Akt3 null mice show impaired fetal growth and brain development, respectively, glucose homeostasis was found unaffected in most models [26] [27] [28] [29] . In contrast, mice deficient of Akt2 exhibit glucose intolerance and a diabetes mellitus-like syndrome [10, 11] . We cannot rule out the possibility that the ability of supraphysiological concentrations of insulin to normally antagonise lipolysis in the absence of Akt2 is due to functional rescue byAkt1 and/or Akt3. However, insulin capacity to suppress isoprenaline-induced lipolysis in the presence of the Akt inhibitor in wild-type primary brown adipocytes argues against rescue by Akt1 or Akt3. While at this time we are unable to offer an alternative Akt-independent route by which insulin inhibits lipolysis, it is clear that such pathways are capable of transducing the signal to antilipolysis as long as insulin levels are adequate.
Additional evidence for the at least partial dispensability of Akt in the suppression of lipolysis is the relatively normal adiposity in the Akt2 null mice. In other models of unrestricted lipolysis, the fat mass is reduced by 50-70% along with decreased leptin levels [17, 18] . In contrast, experiments presented herein and previous studies, including those from our laboratory, have found only mildly reduced fat mass in Akt2 null mice [11, 30] . Moreover, the mild decrease in adiposity might also be caused by the decreased glucose uptake in adipocytes and substantially reduced de novo hepatic lipogenesis in Akt2 null mice [13, 14, 31, 32] .
Considerable attention has been directed recently towards understanding the aetiological factors underlying selective insulin resistance. This term has been applied to the 'uncoupling' of hepatic glucose and lipid metabolism in insulin-resistant states, during which insulin is no longer able to shut off glucose production but continues to promote lipogenesis [33] [34] [35] [36] [37] . To date, the molecular mechanisms mediating divergent insulin action remain unknown, although several mechanisms have been proposed [35, 38] . Most recently, selective insulin resistance has been extended to cultured adipocytes, suggesting the phenomenon might be more widespread than initially appreciated [13, 39] . Here, we demonstrate a novel form of selective insulin resistance in adipose tissue in vivo. During physiological manipulations such as fasting-refeeding, Akt2-deficient mice displayed significantly higher insulin and glucose-the latter being previously associated with impaired insulin-dependent glucose uptake into muscle and fat-but NEFA and glycerol were regulated normally [10] . Though these experiments have been performed in a genetically modified mouse, it is striking that the phenotype of impaired insulin-dependent glucose uptake with retained TG in adipose tissue very much resembles presentation of an individual with the metabolic syndrome or early type 2 diabetes, perhaps due to hyperinsulinaemic state.
In summary, our data reveal an unexpected divergence in insulin pathways, such that one physiological response, antilipolysis, in adipocytes can be preserved, while another, glucose transport, is lost or severely inhibited in the high glucose/ high insulin state. These findings provide a framework for understanding the development of insulin resistance and uncovering potential therapeutic targets.
